Global atmospheric change: potential health effects of acid aerosol and oxidant gas mixtures. by Last, J A
Environmental Health Perspectives
Vol. 96, pp. 151-157, 1991
Global Atmospheric Change: Potential
Health Effects of Acid Aerosol and
Oxidant Gas Mixtures
byJerold A. Last*
Inhalationtoxicology experiments inwholeanimals havedemonstrated aremarkable lackoftoxicity ofsulfuric acid
intheform ofrespirable aerosols, especially in ratsand nonhuman primates. Thus, muchofthe currentexperimental
emphasishasshiftedtotheevaluationofthepotential healtheffectsofacidaerosolsascomponentsofmixtures. Ratshave
beenconcurrently exposed tomixturesofozoneornitrogen dioxide with respirable-sized aerosolsofsulfuric acid, am-
moniumsulfate,orsodiumchoride, ortoeachpolutantindividually. Theirresponsestosuchexpoeshavebeenevaluated
byvariousquantitative biochemicalanalysisoflungtissueorwashfluids("lavagefluid")orbyquantitativemorphoogical
methods("morphometry"). Suchstudieshavemainlybeenperformedintheacutetimeframeduetotheinherentlimita-
tionsofthemostsensitiveassaysavailableandhavegenerallyinvolvedexposuresfor 1to9days,dependingontheassays
used. Goodcorrelationswerefoundbetweenthe mostsensitivebiochemical indicatorsoflungdamage(proteincontent
oflunglavagefluidorwholelungtissueandlungcollagensynthesisrate)andtheexposureconcentrationofoxidantgas
present alone or in mixtures with acidic aerosols showinginteractiveeffects.
Synergisticinteractionbetweenozoneandsulfuricacidaerosol wasdemonstratedtooccuratenvironmentally relevant
concentrations of both pollutants by several of the analytical methods used in this study. Such interactions were
demonstrated atconcentrationsofozoneaslowas 012 ppmandofsulfuricacidaerosol atconcentrations aslow as5 to
20ug/m3. Theacidity oftheaerosol isanecessary (andapparently asufficient) condition forsuchasynergistic interac-
tionbetweenanoaddantgasandarespirableaerosoltooccur. Ahithertounexpectedsynergisticinteractio betweennitrogen
dioxideandsodiumchlorideaerosol wasfoundduringthesestudies; itishypothesized thatthis wasduetoformationof
theiracidic (anhydride) reaction product, nitrosyl chloride, inthechambersduringexposure tothe mixture.
Introduction
Oneofthemajorglobalatmospheric changes associated with
increased industrialization, andespecially with increased com-
bustionoffossil fuels, istherelease ofacidsandtheirprecursors
totheatmosphere. Major concerns inthis areainvolveacidsaris-
ing from SO, and NO, emissions, including sulfuric acid and
bisulfateaerosols. Thus, wemightwellaskwhatisknownofthe
toxicologicalimpactsofacidaerosols. InthismanuscriptI review
and discuss specific databearing on this question based on ex-
periments performed in animals. I consider effects of acid
aerosols alone and in combination with ozone and other at-
mospheric oxidants.
Effects of Sulfuric Acid Aerosols on
Lungs of Experimental Animals
Guineapigs seem tobeparticularly susceptible tosulfuricacid
aerosols compared withotherlaboratory animals. Guinea pigs
respondby showing increased airway resistance after exposure
for 1 hr to 100 to 1000 jig/m3 (1). Interestingly, no long-term
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effectsofexposureofguineapigsto 100tg/m3for52weekswere
reported by Alarie and co-workers (2).
Ratsormonkeysareremarkablyresistanttoobservableeffects
onlungwhenacutelyexposedtorespirableaerosolsofsulfuric
acid (3-5), even atconcentrations ofacid atorabove 50 to 100
mg/m3. On the other hand, guinea pigs and, to a lesser extent,
mice, respond to exposure to lower concentrations ofsulfuric
acid mist (1,4,5) andpresumably represent susceptible species
to this agent. Intermittent exposure of mice to 1.4 mg/m3 of
sulfuric acid mist in conjunction with carbon particles (1.5
mg/m3; noacid-alone group wasexposed) for20weekscaused
decreased resistancetoexperimental pulmonary infections(6).
Noeffects ofsulfuric acidaerosol exposure at 8 mg/m3 indogs
and at 4 to 14 mg/m3 in sheep were observed for various car-
diopulmonary functions examined (7). The relatively high re-
sistance of experimental animals to exposure to sulfuric acid
aerosol is assumed to reflect its high absorption by the naso-
pharynx, thereby reducing the dose reaching thedistal lung to
verylowlevels. Thisisconsistentwithitshighsolubilityinwater.
However, sulfuricacidaerosolexposureatrelativelylowconcen-
trations has been associated with alterations in mucociliary
clearance rates for various tracer substances introduced into
respiratory airwaysofexperimental animals. Fairchildetal. (8)
reportedthatexposureofguineapigs for 1 hrtoconcentrationsJ. A. LAST
ofacidbetween30and 3000 kg/m3causedaproximal shift(up-
wards in the respiratory airways toward nasopharynx and
trachea) in the sites ofdepositionofradioactively labelled strep-
tococcus administered by aerosol. Rabbits exposed for 1 hr to
200to 1000 tg/m3ofsulfuric acidaerosols show altered ratesof
mucociliary clearance of radioactive tracers (9,10), as do
donkeys (11).
Chronic exposure ofmonkeys for up to 78 weeks to sulfuric
acid aerosol at 1 to 5 mg/m3 resulted inhistological changes to
thebronchial mucosaandchanges inepithelial cellsofbronchi
and respiratory bronchioles (2,3). These results are consistent
withtheknown sitesofdeposition forparticles ofabout0.5 to 5
Am, which are preferentially deposited in thedeep lung (12).
Effects of Ozone on Lungs of
Experimental Animals
Acute exposure to highconcentrations ofozone, in excess of
about 1 ppm, causes severepulmonary edemaandhemorrhage,
which canresult indeathofexperimental animalsatconcentra-
tions in excess of 1.5 ppm forperiods ofseveral hours ordays.
However, withconcentrations atorbelowapproximately 1.0ppm
ofozone, effects ofozone related toedemaandcellular inflam-
mationare more subtleandarereflectedasincreased lungweight
and as increased lung content of, or lung enzyme activities of,
alargevarietyofmeasurableparametersandenzymesassociated
with cellular inflammation and edema (13-17).
Themajorchanges recordedinexperimental animalsexposed
to moderate concentrations ofozone (below 1 ppmforhours or
days) includedamage to respiratory tractepithelium, especial-
ly lossofciliafromciliatedcellsandcell necrosis. Thetwomajor
sites ofdamage appeartobelossofciliafromepithelial cellsof
the trachea andlarge bronchi andepithelial cell necrosis in the
centriacinar region of the lung. Particularly susceptible cells
seem to includethe alveolartype I cell andthe Claracells (16).
Otherchanges observed inanimals exposed tomoderate concen-
trations ofozone include those typical ofan inflammatory cell
response, especially intheepithelial layerofsmallbronchioles
in the centriacinar region (16). Chronic exposure to ozone is
associatedwithacontinuingbronchiolitisandcontinuing inflam-
matory responseofthecentriacinar region (18). Anotherchronic
effectofexposure ofanimals forlongperiodsoftimetomoderate
levels ofozone is pulmonary fibrosis; that is, the accumulation
ofcollagen inthecentriacinar regionofthelung (19-21). These
results areconsistent withthepredictedsitesofmaximal deposi-
tionofozoneintherespiratory tractbasedonitsknownrelative
solubility inwaterandestablished modelsofozonedosimetry to
the lung (12).
Several laboratories havereportedchanges intheproteincon-
tent oflung lavage fluid in animals exposed to ozone. Hu et al.
(22) reported increased accumulation ofprotein in lung lavage
fluid fromguineapigsexposed for72hrto0.26, 0.51, or 1 ppm
ofozone. Noeffectwasobserved at0.10ppm. Guthetal. (23)ex-
tendedthese studiesbyexaminingconcentration x timerelation-
ships. The increased protein in lavage fluid seems to originate
from serum, suggesting thatthe changes being measured arise
from pulmonary edema. Costa etal. (24) reportedthat rats ex-
posed to ozone had a higher alveolar permeability to serum
albumin than did normal rats. Frank et al. (25) also reported
pulmonary edemainrabbitsexposed tohighquantities ofozone
for short periods oftime.
Bartlett et al. (26) reported decreased lung tissue elasticity
consistent with mildpulmonary fibrosis in young rats exposed
to0.2ppmofozonefor30days. Severalgroupshavereportedin-
creasedcollagen synthesisby lungsofexperimental animalsex-
posedtoozone(27-30). Thesignificanceoftheseobservations
withregardtotheetiologyofpulmonary fibrosisiscontroversial.
Filipowitz andMcCauley (30) have suggested thatdespitethe in-
crease incollagen synthesis rateobserved from lungsofrats ex-
posed to ozone, there is no net accumulation oftotal lung col-
lagen, suggestingincreaseddegradationofcollagenaccompany-
ing (and offsetting) the increase in synthesis.
EffectsofCombinationsofOzoneand
Sulfuric Acid Aerosol on Lungs of
Experimental Animals
Gardneretal. (31) reportedthatmiceexposed sequentially to
0.1 ppmofozonefor3 hrfollowedby90014g/m3ofsulfuricacid
aerosol for 2 hr showed significantly higher mortality when
challenged with anaerosol ofStreptococcuspyogenes thandid
micechallenged witheitherpollutantalone. Oseboldetal. (32)
reported enhanced antigenicity ofprotein introduced into the
respiratory tractinanimals exposedtoozoneplus sulfuric acid
ascomparedtomiceexposed toeitheragentalone. They inter-
preted their findings as indicative of increased epithelial
permeability, thatis, anenhancedeffectofozone, inanimals ex-
posed to the mixture ofgas and aerosol.
LastandCross (33) reported synergismofozoneeffectsonrat
lungs by sulfuric acidaerosol during simultaneousexposure to
concentrations ofabout 1 mg/m3oftheacidaerosoland0.4ppm
ofozone for3 to 14days. Parameters evaluated included rateof
secretionofmucousglycoproteinsbytrachealexplantsandlung
content of water, DNA, RNA, and of various lysosomal en-
zymes. Thissamelaboratory latershowedanenhancedeffectof
ozone in lungs of rats simultaneously exposed to ozone plus
sulfuric acidaerosol asevaluatedby elevatedlungcollagen syn-
thesis rates and morphometric evaluation oflung and inflam-
matorycellpopulations atsitesoflunglesions (34,35). Inall of
thesestudies, sulfuricacidaerosolalonehadlittleornoeffecton
the parameters being quantified; rather, the acid aerosol sig-
nificantly increasedtheeffectofagivenconcentrationofozone,
asifitwereincreasing theeffectivedoseofozonedeliveredtothe
centracinar region ofthe lung. Juhos et al. (36) also reported
histological changes in lungs ofsmall numbers ofrats exposed
to0.9ppmofozoneplus2 mg/m3ofsulfuric acidaerosol, con-
sistent with the observations (34,35) described above.
Therehavealsobeennegative reportsofresultsofexposures
tomixtures ofozoneandsulfuricacidaerosols. Cavenderetal.
(5) reported noeffects inratsorguineapigsexposed forupto 7
daysto2ppmofozoneand/or 10mg/m3ofsulfuricacidaerosol
otherthanthoseascribedtoozonealone. Itis, however, notewor-
thy thatcontrol animals lostweightduringtheseexposures, sug-
gestiveofillnessorotherhandlingproblems, andthat2 ppmof
ozonefor7days, whichiswellinexcessoftheratLD50dose, pro-
voked no mortality in this study. Human subjects exposed se-
quentially to 0.3 ppm ofozone for 2 hr followed by 100 ig/m3
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sulfuric acid aerosol for4 hr showed no effects by pulmonary
function testing (37).
A hitherto unexpected synergism between the oxidant air
pollutants ozone or nitrogen dioxide and a respirable-sized
aerosolofammoniumsulfate[(NH4)2SO41 wasobservedduring
controlled exposureofratstothesesubstances. Responseofrat
lungstothesepollutantswasquantifiedby measurementofap-
parentcollagensynthesis rates in vitrobylung minces from ex-
posedanimals. Dose-response curvestoeitherO3orNO2were
altered in thepresence of5 mg/m3of(NH4)2S04aerosol. Mor-
phometric and histologic observations of lungs from rats ex-
posed tohigh levels ofozone, with and without concurrentex-
posure tothe(NH4)2SO4particles, confirmed suchsynergistic
effects. In a separate setofexperiments, rats were exposed to
mixtures ofozone and sulfuric acid aerosol (submicron-sized
aerosol). Potentiationofozoneeffectsonlungcollagensynthesis
rates was also observed in theseexperiments (34).
In subsequent studies, cellularpopulations wereexamined at
lesions in lungs ofrats exposed for 3 or 7 days to0.64 to 0.96
ppmof03 +5 mg/m3 ofammoniumsulfateaerosol (35). These
studiesgaverise to ahypothesisthatthesynergisticinteraction
between ozone and acid aerosols may be mediatedby changes
in the pH ofthe lung lining fluid caused by local deposition of
acid at or near sites ofreaction of03 or NO2 with molecules
within lung cells or lining fluid.
Subchronic Responseof Rat Lungsto
Ozone-SulfuricAcidAerosolExposure
Anexperimenthas beenperformedto examinethepotential
relevance ofozone-sulfuric acid interaction beyond the acute
timeframe(I1-9days) studied inourearliercitedexperiments.
Weexaminedtheproteincontentoflungs from ratsexposed for
15 or 30days to 0.2 ppmofozone + 1 mg/m3 ofsulfuric acid
aerosol, to ozone or acid aerosol alone, or to filtered air. The
results of this experiment are shown in Table 1. There was a
significant increase in theprotein content ofthelungsofrats ex-
posed to ozone after 15 or 30 days ofexposure. The relative
response wassimilar atboth timepoints forboth ozonealoneand
for ozone plus acid aerosol. The response to ozone plus acid
aerosol was significantly greater than that to ozone alone at 15
days; thedifferencebetweenthe animalsexposedto ozoneplus
Table 1. Exposure ofrats for 15 or 30 daysto0.2 ppm ofozone ± 1 mg/r3
ofsulfuric acid aerosol.a
Lung protein content, mg/lung
Exposure conditions 15 Days 30 Days
Control 151.3 + 5.0(100) 173.0 ± 8.7(100)
Ozone 164.7 + 1.2(109) 188.0 ± 11.8(109)
Acid aerosol 153.6 ± 1.2 (102) 175.6 + 11.7(102)
Both 176.2 + 1.2 (116) 194.7 ± 11.0(112)
'Data are mean values +SD (n = 6 rats pergroup) fortotal lungproteincon-
tentof rats forthe various exposureregimens. Calculations werebasedonvalues
determined using fourreplicate 100-yLsamples from4 mLoftotalhomogenate
oftheright middleplusrightlowerlobesofratlung. Each 100-14Lsample was
precipitated withC13CCOOHandcentrifuged, and thepellet was frozen. Pro-
tein was then solubilized in 0.5 N NaOH (37°C, 24 hr). NaOH was neutraliz-
ed with0.5 mLof0.5 N HCI. Protein ineachsample wasdetermined induplicate
(49). Theprotein contents foreach homogenate wereobtainedbyaveraging the
foursampleprotein values (eightdeterminations). Values inparentheses are per-
cent ofcontrols.
acid aerosol and ozone alone was notsignificant at the 30-day
time point, although a trend was apparent. We conclude that
totallungproteincontentmaybeasuitablemeasurementoflung
alteration(damageand/orrepair)duringthe(sub)chronictime
frametopursuesomeoftheremainingquestionsaboutozone-
acidaerosol interaction in future studies. Much more work re-
mains to be done, however, before any conclusions can be
drawn regarding the occurrence of such an interaction in the
(sub)chronic time frame.
Importance of Aerosol Acidity
Studiesoftheeffectsofexposureofratstovarious aerosols,
aloneand incombinationwithhighconcentrations (0.96ppm)
ofozone, hadshownsynergistic interactionbetweenozoneand
5 mg/m3 ofammonium sulfate (pH ofstock solution = 5.1 ),
with no interaction observed between ozone and sodium
chlorideorsodiumsulfateaerosols(pHofstocksolutions = 7.0)
(38). Theseresultssuggestedthattheacidityofanaerosolmight
be the determinant factor as to whether or not it exhibited a
synergistic interactionwithozone, andthispromptedaseriesof
experimentstomorepreciselyevaluatetheroleofaerosolacidi-
ty inpredicting the response ofrats toexposure to mixtures of
oxidantgases and aerosols.
We have examined the pH and sulfate concentration of
aqueousextractsfromfiltersusedtotrapsulfuricacidaerosols
uponsamplingofchamberatmospheresduringthecourseofour
experiments, including several ofthe exposure concentration
response experiments discussed above. The results of these
measurementsareshowninTable2. TheapparentpHoffilters
used to sample filtered air-only exposure chamber samples as
measured using these procedures was 4.8. This pH value is
similartoaqueous washesofunusedfilters [mean + 1 SD was
4.62 + 0.82(N = 5)]. Asthechamberconcentrationofsulfuric
acidaerosol was increased, thepH oftheeluate from the filter
extract was decreased. When the mean values foranalytically
determined sulfate massconcentration wereplottedagainstthe
meanpH values for samples fromatmospheres containing 0.1
to 1.0mg/m3ofsulfuricacidaerosol, alinearrelationship was
apparent(slope = -0.93, r = 0.98). Interestingly, thepHofthe
samples from chambers containing 40 yg/m3 ofsulfuric acid
aerosolorless wereslightly lessacidicthanthevaluecalculated
fromlinearextrapolationofthedatafromthehigherconcentra-
tionsofacidaerosol (forexample, expectedandobservedvalues
for 40Ag/m3 aerosol were 3.74 and 4.27, respectively).
Theseobservationssuggesttwoimportantconclusions. First,
onlymoderatelytostronglyacidicaerosolsresultinasynergistic
interactionoflungdamagewith03. Baseduponthemethods for
Table2. pH measurements ofsulfuric acid aerosol samples.a
Nominal Actual
concentration, concentration,
mg/m3 n mg/m3 pH
0 (filtered air) 5 - 4.80 ± 0.14
0.005 12 0.0045 ± 0.0008 4.44 ± 0.08
0.02 12 0.0194 ± 0.0030 4.35 ± 0.08
0.04 31 0.047 + 0.010 4.27 + 0.46
0.1 26 0.10 ± 0.03 3.73 ± 0.035
0.5 18 0.60 + 0.08 3.15 ± 0.07
1.0 26 0.97 ± 0.22 2.93 ± 0.08
aAerosols were generated as described in detail elsewhere (29,48).
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measurement of aerosol pH used here, only those aerosols
possessing apHoflessthanapproximately 4.4to4.5havebeen
showntointeractsynergisticallywith 03. Second,otherworkers
have suggested that the pH ofchamber atmospheres used for
animal exposures mightbealteredbythe presenceofammonia
producedbyanimalmetabolism orbybreakdownofexcretaby
bacteria (39-41). The correlation coefficient of0.98 between
acidaerosolconcentration down to 100 ig/m3ofacidaerosoland
pHofsamplingfiltereluates in ourexperiments suggeststhatany
suchneutralizationofacidby ammonia inourexperiments(down
to a sulfuric acid aerosol concentration at orbelow 0.1 mg/m3)
must have been negligible.
Response to NO2
Groups ofrats were exposed for 7 days to 10, 5, or 2 ppm of
NO2. Ratesoflungcollagensynthesis ascomparedwithcontrol
animalsexposed tofilteredair were210, 120, and99%, respec-
tively. Thevalues at5 and 10ppmofNO2 weresignificantly in-
creased as compared with the controls. Thus, there was a
measurable concentration-response relationshipby this assay,
with an apparent no-effect level at2 ppmofNO2.
Protein content oflung tissue after 7 days of exposure was
significantlyincreased, to 122% ofcontrolvalues, at 10ppmof
NO2. Values observed at5 and2 ppm were, respectively, 98%
and 109% ofcontrols; neithervalue was significantly different
fromthecontrols. Thus, anapparentno-effectlevel, asdefined
by this assay, was observed at 5 ppmofNO2.
Response to NO2 Plus Sulfuric Acid
Aerosol
Additionalexperiments werealsoperformed, baseduponour
observedresultswithozone-acidaerosolmixtures, toascertain
whether asimilarsynergisticinteractionoccurredwhenNO2was
substitutedfor ozone. Ratswereexposedfor 1 or7daystoS ppm
ofNO2 ± 1 mg/m3ofsulfuricacidaerosol. Whenrats were ex-
posedtoNO2 ± acidaerosol, proteincontentoflavagefluid was
significantlyincreased, ascomparedtovaluesinratsexposedto
NO2orsulfuricacidalone, to215% ofcontrolvaluesafteroneday
ofexposure. Lungcollagensynthesisrates,measuredafter7days
ofexposure, weresignificantlyincreasedinratsexposedtoNO2
alone (120% ofcontrols) and notaffectedby acid aerosol alone
(98% ofcontrols); responsetoNO2plusacidaerosol was 145%
ofcontrols, significantlygreaterthantheresponsetoNO2alone.
Ratsexposedto2ppmof'N02 ± 1mg/m3ofsulfuricacidaerosol
for7daysshowedthefollowingresultsascomparedtofilteredair
controls: NO2alone, 99%; sulfuric acidalone, 98%; NO2 plus
acidaerosol, 129%, asignificantincrease. Weconcludethatthe
no-observable effectlevel for responseofratlungs to exposure
to NO2 plus 1 mg/m3 ofsulfuric acidaerosol is below 2 ppm.
Other groups ofrats wereexposed for7days tofilteredair, 5
ppm ofNO2, 1 mg/rn3 sulfuric acid aerosol, or NO2 plus acid
aerosol (Table 3). For all parameters evaluated (Table 3), acid
aerosol alone was indistinguishable from filtered air controls,
while NO2 alone significantly increased the observed lung in-
flammatory lesion. The combination ofNO2 plus acid aerosol
showedsignificantly highervaluesthanthoseobserved upon ex-
posure to NO2 alone.
lible 3 Morphometric analysis of7-day exposures to 5 ppmofNO2 ± 1
mg/n3 oftwodifferentaerosols.a
Numberof Vksi., Vvlejo Pleio,,,
rats Exposuregroup mm3 X 103 X 103
6(3 + 3) AirorH2SO4 20.4 ± 8.8 1.8 ± 0.7 100 ± 43
aerosol alone
6 5ppm NO2 155.9 ± 18.2* 13.0 ± 1.1* 765 ± 89*
6 N02+1mg/m3 174.8 ± 22.5* 15.2 ± 2.lV 858 ± 1Ot
H2SO4 aerosol
6 N02+1mg/M3 179.8 ± 17.4t 15.2 ± l.Ot 882 ± 85t
NaCl aerosol
'Dataareexpressedasmeanvalues ± 1 SD. V, volume; V,, volumedensi-
ty; P, proportion.
*SignificantlygreaterthanairorH2SO4groupatp . 0.05byDuncan'smulti-
ple comparisontest.
tSignificantly greater than0.5 ppmofNO2 orairorH2SO4 atp s 0.05 by
Duncan'smultiple comparisontest.
N02-NaCI Interaction
Thereisnoobservableinteractionasevaluatedbyresponses
oflungsofratsexposedtoozone (0.96ppm) andto respirable
aerosolsof5 mg/m3ofsodiumchloride(NaCl)underconditions
identicaltothosethatwedemonstratedhadelicitedasynergistic
interaction in our experiments with ozone and ammonium
sulfateaerosols(38). Ratsexposedto5ppmofNO2for7days
showed a significant increase in lung collagen synthesis rate
(120% ofcontrol values). Groups ofrats exposed to 5 ppmof
NO2and 1 mg/m3ofsulfuricacidaerosolhadlungcollagensyn-
thesisratesof145% ofthecontrolvalues, i.e., ratsexposedto
filteredair, valuessignificantlygreaterthanthoseobservedwith
the rats exposed to NO2 alone, as reported above (exposure
concentration-response experiments). Ofinterest here, how-
ever, istheresponseofratsexposedfor7daysto5ppmofNO2
+ 1 mg/m3ofNaClaerosol.Theseanimalsshowedalungcol-
lagensynthesisratethatwas 165% ofthevaluesobservedwith
controlsexposedtofilteredair. Incontrolexperimentswefound
valuesof98and95% ofcontrolforratsexposedtosulfuricacid
aerosols andNaClaerosolsalone, respectively, bythis assay.
Wealsoquantifiedtheproteincontentofthelunglavagefluid
fromratsexposedfor3daysto5ppmofNO2, withandwithout
either 1 mg/m3 ofH2SO4 or NaCl aerosol. As compared with
filteredaircontrols, wefoundvaluesof175% ofcontrolsinthe
ratsexposedtoNO2alone,180% ofcontrolsinratsexposedto
NO2plus H2SO4aerosoland210% ofcontrols inratsexposed
toNO2plus NaCl aerosol. The increase invalues forthe NO2
plusNaClgroupwassignificantascomparedtothoseobserved
in rats exposed to NO2 alone (42). As shown in Table 3, the
group exposed to NO2 and NaCl aerosol also showed sig-
nificantlygreatermorphometric changesthanwereobservedin
the rats exposed to NO2 alone.
Weinterprettheseresultsassuggestingthatareactionproduct
ofNO2andNaCl isresponsiblefortheinteractionobserved in
theseexperimentsbecausenointeractionwasobservedbetween
NaClandozone,whichdonotreactchemically. Wehypothesize
thattheinteractionbetweenNO2andNaClisduetotheirreac-
tiontoformnitrosyl chloride (NOCI), themixedanhydrideof
hydrochloric, nitrous, andnitricacids, whichcouldgiveriseto
strong acids in the centriacinar region of the lung upon
hydrolysis (42-44). Thepossibility ofacid aerosols (or acid-
ogenicaerosols) arising intheatmosphere from sources other
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thanSO2 ordirectdissolution ofNO2togivenitric andnitrous
acids opens some very interesting vistas toxicologically.
Conclusions
Themostimportantconclusionsofthestudiesdescribedhere
area)ozone-acidaerosol interactionoccurs inratsatconcen-
trationsofeach agentthatapproximatetoactuallyencountered
ambientlevels; b) several sensitiveassaysmaybeusedtoquan-
tifytheacuteresponseofthelungtooxidants, aloneandincom-
bination withrespirable acidaerosols; c) there isareasonably
good correlation between the most sensitive biochemical and
morphometric indicatorsoflungresponsestudied;and,d)acidi-
tyofanaerosol isapparently anecessary andsufficientcondi-
tionforittointeractsynergistically withanoxidantgastocause
increased lung damage.
Table 4 summarizes the results ofexposure concentration-
response studies. The matrix ofozoneconcentration, sulfuric
acidaerosol concentration, andassaysperformedgives riseto
several conclusions. Atthehighestozoneconcentrationexam-
ined (0.64 ppm), all ofthe assays tested show significant in-
creasesinlungsofratsexposedtoozonealone. Asynergisticin-
teraction between 0.64 ppm ofozone and all three concentra-
tionsofsulfuricacidaerosoltestedwasobservedbythecriterion
ofincreased lung collagen synthesis rate. Only at the highest
concentration of acid aerosol tested, .1 mg/m3, was such a
synergistic interaction observed by assay oflungprotein con-
tent. Nosignificant interactionwasobservedbyassayofprotein
contentoflung lavage fluid at 1 mg/m3ofacidaerosol. Wein-
terprettheseobservationsassuggestingthatthetotalproteinand
thewholelungproteincontentassayscannotdiscriminate bet-
ween the lung damage caused by O3 and that by O3 plus acid
aerosol exposures athigh concentrations of03.
Total lavagableproteinandtotallungproteinweresignificant-
lyelevatedabovecontrolvaluesafterratswereexposedto0.20
ppm of 03. Lung collagen synthesis rates were significantly
elevatedabovecontrol valuesafterexposureofratsto0.20ppm
of03 inmostofourexperiments. Atrendtowardhighervalues
Table4. Summary ofresults exanining ozone sulfuric
acidaerosol interaction.
Assaya
Ozone con- H2SO4 Collagen Protein content Lung
centration, aerosol, synthesis oflung lavage protein
ppm mg/mr3 rate fluid content
0.64 1.0 + - +
0.5 + ND -
0.2 + ND -
0.0 + + +
0.2 1.0 + + ±
0.5 + + +
0.1 +b + +
0.04 + +b
0.02 ND - +
0.005 ND - +
0.0 + + +
0.12 0.5 ± ± -
"(+) Synergistic interaction observed; (-) interaction notobserved; ND, not
done; (±), trendobserved, butnotstatistically significant. Valueswith0acid
aerosol (i.e., ozonealone) areindicated as (+), (-), or(±) forsignificant in-
crease, noincrease, andtrend,respectively, uponexposuretoozoneascompared
with filtered aircontrols.
'May be either anadditive or synergistic interaction.
was observed in the remainder ofthese experiments. Wehave
previously reported significant increases in lungcollagen syn-
thesis rate when ratswereexposedto0.20ppmof03for7days
(45). A significant synergistc interactionwasobservedbetween
0.2 ppmofozoneandalloftheacidaerosolconcentrationstested
byessentially alloftheassaysperformed, consistentwithourin-
terpretation that suchinteraction ismosteasily evaluated under
conditions ofminimal lung damage by ozone alone.
Rats wereexposed to0.12ppmof03, thecurrentpeakhourly
National AmbientAirQuality Standardfor03, withandwithout
0.5 mg/m3ofsulfuricacidaerosol. Totallavagableprotein was
theonly parametermeasuredthatwassignificantlyelevatedfor
thegroup exposedto0.12ppmof03alone. Collagensynthesis
ratewas significantly elevated inlungsofratsexposed to0.12
ppmof03plus 0.5 mg/m3ofsulfuric acid aerosol. Thus, con-
centrationsof03aslowas0.12ppmmayelicit responses from
lungs ofexposed rats andmaybepotentiatedbyconcurrentex-
posures to acid aerosols.
Itisnotclearwhetherthesmallchanges intotallavagablepro-
teinandinlungcollagen synthesis rateobserved inthisexperi-
mentarenecessarily predictiveoflong-termdamage. Inanimals
exposed to higher concentrations of03 (0.40 ppm), morpho-
logical lesionshavebeenshowntopersistinmonkeylungsdur-
ingprolongedexposuresandfora3-monthperiodaftertermina-
tion ofexposure. Measurements in ratlungs afterexposure to
0.64 ppm of03 for 1 week showed increases in apparent col-
lagen synthesis rate and in histologically observable collagen
consistent with03-induced fibrosis. Theconnection (ifany)be-
tweentheearlyeffectsofexposureto0.12ppm03shownhere
and long-term inflammatory and fibrotic changes has not yet
beendemonstrated. Baseduponresultsobservedafterexposure
ofratstohigherlevelsof03, itmightbeprudenttofurtherex-
aminethepossibility thattheseearly changesareindeedpredic-
tiveoflong-termeffectsofozoneonthelung atfrequently en-
countered ambientconcentrations.
Wecanalsoconclude fromtheseexperiments thatassays of
enzymeactivity incell-free lavage fluid(46,47) arearelative-
ly insensitive method ofmeasurement ofozone-induced lung
damage. Acidphosphataseand(3-N-acetylglucosaminidaseen-
zymeactivities failedto show significantchangesatconcentra-
tionsofozonebelow0.40ppm (24hr); lactate dehydrogenase
activity was an even less sensitive assay, with significant in-
creases foundonlyafterexposureofratsto0.64ppmofozone
for 24 hr. Preliminary experiments suggested that sialic acid
content of lavage fluid was also an insensitive (and highly
variable) measurement ofozone-induced lungdamage, sothis
assay wasnotfurtherexamined. Increasedmovementoflabeled
tracer from blood to a lavagable compartment ofthe lung was
amoresensitiveindexoflungdamagethenwereanyoftheen-
zyme activity assays. The most sensitive indicator ofozone-
inducedlungresponseinlavagefluidwasanincreaseinthetotal
protein content (predominantly serum albumin) of the lung
lavage fluid, which was significantly increased above control
valuesafter 1 or2daysofexposureofratsto0.12ppmofozone
(23,48). Interestingly, the assay of movement of labeled
[3H]albumin frombloodtolunglavagefluiddoesnotshowany
synergistic interaction betweenozoneandacid aerosols under
conditionswhereozonealoneprovokesapositiveresponseand
where the assay of total lavagable protein content shows
synergistic interaction between the mixture of pollutants. It
155156 J. A. LAST
liTble5Totallungproteininrtsexposedto0.2ppmofozone ± sulfuricacid
aerosol for9days.'
Exposure Lung protein con- p-value versus p-value versus 03
conditions tent, mg/lung filtered aircontrol alone
Control 69.5 ± 13.9 - 0.012
Ozone 87.3 + 4.6 0.012 -
Acid aerosol, 64.7 + 13.0 0.179 0.001
5.g/m3
Ozone + 5 1tg/m3 90.2 ± 15.0 0.026 0.263
aerosol
Acid aerosol, 70.1 + 11.3 0.471 0.006
20yg/m3
Ozone + 20 Ag/m3 116.9 ± 6.4 <0.0001 <0.0001
aerosol
'Data are mean values ± I SD (n = 6 rats pergroup) for total lung protein
content of rats for the various exposure regimens. Data were analyzed for
significance by Student's t-test; a value ofp < 0.05 was taken as significant.
wouldbeofinteresttoseeifthisfindingisalsotruewithsequen-
tialexposureregimens, butsuchexperimentshavenotasyetbeen
performed.
To furtherexamine the range ofconcentrations ofozoneand
acid aerosol exhibiting synergistic interaction, ratswereexposed
to0.20ppmof03 inconjunction with4014g/m3ofsulfuricacid
aerosol. A synergistic interaction between 0.20 ppm of03 and
40 ig/m3 ofsulfuric acid was demonstrated by assay oftissue
proteincontentafter7or9daysofexposureandbyassayoflung
collagensynthesis rate(48). Wealsofoundinteractions between
0.20 ppm ofozone and 20 Ag/m3 ofsulfuric acid, with an ap-
parent no-observable effect level by assay oftotal lung protein
content forsulfuric acid aerosol (plus0.20ppmofozone) ator
near5 .g/m3(Table5). Theno-observableeffectlevel forozone
(plus 0.5 mg/m3 ofacid aerosol) is atorbelow 0.12 ppm.
The acidic aerosol most likely to occur in polluted urbanair
under conditions of photochemical smog generation is am-
monium sulfateorbisulfate, althoughambientconcentrations of
theseaerosols arefarlowerthanthoseusedinmostoftheseex-
periments. We have previously shown that aerosols ofneutral
salts (sodium chloride or sodium sulfate) do not interact syn-
ergistically withO3(38). Furthermore, wehave suggestedthat
theacidity ofanaerosol istheimportantdeterminantofwhether
the aerosol will synergistically interact with 03 and have pro-
posed a mechanism that suggests thattheprimarydeterminant
fortheelicitationofsynergy between03andacidaerosolsisthe
aerosol acidity [and notthe merepresenceoftheaerosol (35)].
If this mechanism is correct, then weak acids, such as am-
monium sulfate, should causelessofasynergistic responsethan
should strong acids, such as sulfuric acid, in accord with our
observations in these studies (compare no-observable effect
levels of 1 mg/m3 or above for ammonium sulfateaerosol with
about5 g/m3 for sulfuric acid aerosol).
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